We propose here to combine magnetic semiconductors and plasmonic crystals to obtain a new class of devices, in which magneto-optical effects are dramatically enhanced. So far we have studied the two building blocks separately, and we demonstrate here features of these systems that make them appealing for combination. Namely, for magnetic semiconductors we demonstrate efficient tools for manipulating their magnetization. In particular, we show that in paramagnetic (Ga,Mn)As the magnetic ions can be oriented optically. For ferromagnetic (Ga,Mn)As an ultrafast strain pulse moves the magnetization out of its equilibrium position, inducing a subsequent precessional motion about the equilibrium orientation. For plasmonic crystals, on the other hand, we show that the magnetooptical effects are dramatically enhanced in both reflection and transmission. From combining the two systems, we expect to be able to obtain magneto-optical materials that can be controlled efficiently through manipulation of the magnetization of the magnetic semiconductor onto which the plasmonic crystal is deposited.
INTRODUCTION
Magnetic semiconductors as well as plasmonic structures have attracted considerable attention during the last decade. Semiconductors are the basis of today's information technology because of the possibility of tailoring electrical and optical properties on a detailed level. If such a level of control could also be obtained for the magnetic properties, it might be possible to realize all-in-one-chip solutions, by which, for example, information could be stored in magnetic excitations, could be manipulated through electric currents, and could be converted into light for distribution through fibers. Despite quite some progress in extending the range of magnetic semiconductor phenomena from diamagnetic to paramagnetic and further to ferromagnetic or antiferromagnetic, still a lot of problems need to be overcome, for example, to establish semiconductor ferromagnetism at room temperature [1] [2] [3] [4] .
The key excitation in plasmonics is the surface plasmon polariton (SPP), which is a coupled oscillation of the electromagnetic field and electron plasma in a metal [5] [6] [7] [8] [9] . SPPs allow electromagnetic energy to be concentrated in nanoscale volumes at the interface between a metal and a dielectric, leading to an enhancement of linear and nonlinear optical effects [10, 11] . Here also, spectacular progress has been made recently, but various challenges still need to be resolved. For example, plain metal layers are of limited versatility in optics, because their high reflectivity basically excludes applications in transmission. Perspectives are opened here by nanostructuring of the metal film such that it contains sub-lightwavelength openings, through which the transmission is drastically enhanced, based on the excitation of SPPs.
To become relevant for magneto-optics, the plasmonic structure needs to be combined with a magnetic layer. The recent research has demonstrated that in nanostructured materials magneto-optical effects can be significantly enhanced with respect to the bulk medium [12] [13] [14] [15] , e.g., for metal-dielectric periodic structures the resonant enhancement of the Faraday effect has been predicted [16] . Besides magnetic dielectrics, magnetic semiconductors could also be prospective candidates for this layer. For applications in information technology, modulation of the system's properties in the GHz range is required, either by an internal or an external stimulus. For magnetic dielectrics this prerequisite excludes per se many manipulation tools because of their limited speed. In principle, an external magnetic field may be used to change the materials's magnetization, but reaching the gigahertz range with this technique also represents a considerable challenge. Here magnetic semiconductors may be promising.
Therefore, we discuss here a novel concept, to the best of our knowledge not yet realized experimentally, namely the combination of a plasmonic crystal, a periodically patterned noble metal film, and a magnetic semiconductor. At this point we have taken the first step toward this combination by having performed studies on the separate systems, from which the potential of the components can be assessed. In the future, we intend to bring them together. Doing so would provide another means of controlling light via magneto-optical effects [17] such as the Faraday effect or the Kerr effect.
Here our intention is to show that the separate components show many interesting features that make it worthwhile to pursue the integration concept. This dictates the organization of the article. In Section 2 we discuss efficient manipulation tools for a paramagnetic and a ferromagnetic semiconductor. In Section 3 we discuss the magneto-optical properties of a plasmonic crystal that for demonstrational reasons has been deposited on a magnetic dielectric. The article is concluded by giving perspectives for bringing the two ingredients together.
FEATURES OF MAGNETIC SEMICONDUCTORS
In the following we report on two recent instances of progress in controlling the magnetic properties of semiconductors using tools that allow ultrafast manipulation, in principle on time scales down to a picosecond. These tools are (a) optical excitation by circularly polarized lasers and (b) application of ultrashort strain pulses.
A. Optical Orientation of Mn Spins in Paramagnetic (Ga,Mn)As
The sample studied here is a GaAs bulk crystal weakly doped with noninteracting manganese acceptors having a concentration of 8 · 10 17 cm −3 [18, 19] . The acceptors are partially compensated by residual shallow donors with a concentration of about N D ∼ 10 16 cm −3 . This results in ionization of the acceptors located in the vicinity of donors if not illuminated by light.
In order to unravel a polarization of the manganese polarization, we use spin-flip Raman scattering (SFRS, for details see [18, [20] [21] [22] ), which selectively monitors changes of the spin projection of the Mn 2 ions by an angular momentum quanta within the multiplett corresponding to spin I 5∕2 [23] . From the observed SFRS lines we obtain not only the Zeeman splitting of the Mn spin states μ B gB (with the Bohr magneton μ B and the g-factor g 2) but also the intensity ratio of the Stokes and anti-Stokes lines, I S and I AS , respectively. This ratio is given not only by the optical selection rules but also by the Mn 2 spin polarization P M . Namely, when a magnetic field is applied in Faraday geometry, the asymmetry parameter for these intensities is given by the following expression for circularly copolarized excitation and detection with helicity σ: 
which holds for not-too-high manganese polarizations (P M ≪ 1). Therefore SFRS is ideally suited to measure the Mn spin polarization quantitatively, as a measurement of the asymmetry parameter gives direct access to the polarization. The manganese polarization P M B; P e depends not only on the external magnetic field, due to the thermal population among the Zeeman sublevels, but also on the optically excited nonequilibrium electron polarization P e , by which the dynamical polarization of Mn spins is induced. This process is similar to the dynamical polarization of the nuclei in semiconductors by optically excited electrons (Overhauser effect). In particular, the dynamical polarization changes sign if the helicity of optical excitation is reversed, e.g., from σ to σ − . Therefore, unique insight is obtained by measuring the two asymmetry parameters η σ n and η σ− n for the two possible polarizations. Figure 1(a) shows corresponding SFRS spectra for σ ∕σ and σ − ∕σ − copolarized excitation and detection in a longitudinal magnetic field of 2 T strength [23] . Two pairs of lines corresponding to transitions where the angular momentum changes by n 1 and by n 2 are detected. The magnetic field dependence of their Raman shift follows the expected linear behavior nμ B gB with g 2 [see Fig. 1(b) ], and therefore the Raman lines can be identified as spin-flip transitions between the Zeeman sublevels of the Mn 2 ions. The magnetic field dependence of the asymmetry parameter η σ n for σ and σ − excitation as well as n 1 and n 2 is shown in Fig. 2 [23] . η σ n increases with increasing magnetic field and also with increasing order of the spin flip, i.e., for higher transferred angular momentum. It also depends on the laser excitation helicity, from all of which we can uniquely conclude that optical orientation of manganese has been accomplished, as shown recently for isoelectronic Mn in II-VI quantum dots [24, 25] .
From Eq. (1) we extract the dependence of the manganese polarization P M on the magnetic field for σ and σ − excitation. The difference between the polarizations in the two cases allows us to estimate the manganese polarization induced by optical orientation reaching saturation for fields exceeding 1 T strength. The other contribution to P M , related to the thermal population among the Zeeman sublevels P B P M σ ; B P M σ − ; B∕2, increases with the magnetic field and is comparable to the optically induced polarization around 1 T. The spin-flip process shows a resonance for excitation at 1.513 eV photon energy, corresponding to the resonant excitation of the exciton bound to the charged donor.
The resulting Mn 2 polarization in the longitudinal magnetic field [23] is given by a dynamical equation analogous to the Overhauser effect [26] :
The first term on the right side describes the dynamical polarization of manganese with time T M through the optically oriented electrons with polarization P e . The second term reflects spin relaxation toward the equilibrium value P T −I 1μ B gB∕3k B T with time T L . Here T is the temperature and k B is the Boltzmann constant. The equilibrium electron polarization P eT −S 1μ B g e B∕3k B T is much smaller than P T , since spin S 1∕2 and g-factor g e −0.42 of the electron are significantly smaller than those for Mn 2 . The steady state solution of this equation neglecting P eT gives [23] 
Here the first term corresponds to the equilibrium orientation resulting from thermalization among the Zeeman sublevels, while the second term is the dynamical polarization by the electrons. The electron polarization is determined by the laser helicity. A polarization jP e j 0.36 was directly measured by optical orientation at the band edge under the same experimental conditions. Therefore, this equation can be used for evaluating the ratio T M ∕T L and the real temperature T in the region of illumination. Using the experimental value of −0.25 for the manganese polarization P M , we obtain T M ∕T L 2 and μ B gB∕T 0.35 (for B 1 T). This corresponds to T 4 K, i.e., the real temperature under illumination is moderately increased by 2 K.
Electron spin-flip scattering with Mn 2 ions should also manifest itself in the dynamics of the average electron spin. Indeed, since the Mn polarization will be transferred back into the electron spin system, the average electron spin should contain information about the Mn polarization. In the absence of other relaxation channels, the dynamics of electron polarization is given by an expression similar to the first T M term in Eq. (2):
reflecting the conservation of total spin in the flip-flop process [23] . The electron spin relaxation time τ S depends on the Mn
For small photoelectron concentrations N e ≪ N M , the electron spin relaxation time is much shorter than that of manganese, i.e., τ S ≪ T M (a similar relation holds in the case of dynamic nuclear polarization by optically oriented electron spins). From time-resolved photoluminescence, τ S ∼ 10 ns, and therefore one can estimate T M ∼ 10 μs for N e 10 14 cm −3 and N M ∼ 10 16 cm −3 . Under pulsed photoexcitation with repetition period t i (which satisfies the condition T M ≫ t i ≫ τ S ), the manganese spin polarization accumulates gradually and shows no change within time t i . Therefore, in weak magnetic fields (jP T j ≪ 1) the solution of Eq. (4) within a time range t i can be written as [23] P e t I 1
At the moment of pulsed excitation t 0, the maximum possible electron polarization P i −0.5 is generated. Subsequently, it decays with the spin relaxation time τ S until it reaches a plateau, which corresponds to the steady state nonequilibrium manganese polarization. The plateau results from the spin backflow from manganese to the electrons, providing a long-lived electron spin memory.
In previous time-resolved photoluminescence (PL) measurements on (Ga,Mn)As in weak longitudinal magnetic fields, we already observed a slow spin relaxation dynamics (up to 1 μs) of electrons localized on shallow donors in [19] . However, the small signal-to-noise ratio in these studies did not allow us to draw an unambiguous conclusion on the spin evolution. Large power densities induce undesired local heating. Therefore, we increased the setup sensitivity by enlarging the illumination area by a factor of 400, while keeping the pulse energy density low at 10 nJ∕cm 2 . The intensity transient of the donor-acceptor PL line is shown in Fig. 3(a) , revealing a decay with a 100 ns lifetime [23] .
The decay of the circular polarization degree −P e B; t∕2 gives direct access to the spin dynamics of the electrons. Figure 3 (b) shows a nontrivial electron spin dynamics. We find an initial electron spin jP e 0j 0.4, which is close to the maximum value of 0.5. After decay within several tens of nanoseconds, the electron spin polarization reaches a plateau, whose level increases with magnetic field and reaches 0.35 for B 156 mT. Using Eq. (5), we determine the magnetic field dependences of τ S and P M , as shown in Fig. 4 . The electron spin relaxation time increases from 20 to 100 ns in a magnetic field of ∼150 mT. The plateau values corresponding to P M are symmetric with respect to magnetic field inversion, and they change sign if the excitation helicity sign is reversed (i.e., they follow the electron spin orientation). This corroborates our conclusion about the optical orientation of manganese. The manganese orientation is absent in zero magnetic field, in accord with [19] ; however, it appears in weak magnetic fields and saturates for B > 150 mT, in line with the behavior of the optically induced Mn spin polarization from SFRS.
Above we discussed the spin transfer between the localized electrons and the Mn 2 ions. This transfer occurs due to fluctuations of the exchange interaction given by the Hamiltonian H −bSI, where the S and I are the electron and Mn spin operators and b is a constant depending on the electron probability at the Mn 2 site. Apart from the fluctuation term, the exchange interaction in mean-field approximation contains an expression like −hbiIP M S − hbif SP e I, where the exchange constant hbi is the average electron probability at the Mn 2 site and f is the donor filling factor. The first term describes the interaction of the electron spin with the effective exchange field of manganese B M −hbiIP M ∕μ B g e (which is the analog of the nuclear Overhauser field acting onto the electrons). The second term corresponds to the interaction of manganese spins with the effective field of the electrons B e −f hbiSP e ∕μ B g (the analog of the electron Knight field acting on the nuclei). For small excitation densities, f ≪ 1, and as a result B M ≫ B e .
The presence of the exchange manganese field can be detected via changes in the electron Larmor precession frequency in an external magnetic field [23] . Since manganese polarization is absent in Voigt geometry [19] , it is necessary to perform this experiment in an oblique magnetic field for σ and σ − polarized excitation. These data are summarized in Fig. 5 . Figure 5(a) shows the oscillations of the circular photoluminescence polarization degree in time for the two opposite helicities (B 55 mT applied at an angle of 70°with respect to the light propagation direction). Indeed we see that the Larmor frequencies Ω corresponding to the electron spin precession with g e −0.42 are different (Ω − − Ω 0.11 ns −1 ). Based on this difference, we can plot the dependence of the effective magnetic field B M ℏΩ − − Ω ∕2μ B g e on external magnetic field B, as shown in Fig. 5(b) . The clear correlation between the magnetic field dependences of B M and the plateau value P pl e indicates their common origin: both are proportional to the nonequilibrium manganese polarization P M .
B. Coherent Manipulation of the Magnetization in Ferromagnetic (Ga,Mn)As by Strain Pulses In the second subsection we demonstrate another tool for manipulating the magnetization in semiconductors, this time studying ferromagnetic (Ga,Mn)As. In general, manipulation by high-frequency (10 9 -10 12 Hz) acoustic waves has become increasingly attractive for extending traditional acoustoelectronics and acousto-optics to the gigahertz and terahertz frequency ranges [27] . Therefore, one might also seek strategies for ultrafast control of semiconductor magnetism by highfrequency sound. Such control could be obtained through the strong sensitivity of the magnetocrystalline anisotropy (MCA) in ferromagnetic semiconductors to strain [28] [29] [30] .
Several methods to control MCA in (Ga,Mn)As films by applying an electric field or by varying doping were already developed [31] [32] [33] [34] [35] . In ultrafast experiments, modulation of MCA was realized by optically induced increases of carrier density and lattice temperature [36] [37] [38] ; femtosecond switching of magnetization [39, 40] was also demonstrated. The application of ultrafast optical methods, however, also has drawbacks, such as the generation of large numbers of nonequilibrium carriers and phonons. MCA control by acoustic waves would allow ultrafast manipulations of magnetization in a ferromagnetic semiconductor without these side effects.
Here we inject an ultrashort high-amplitude acoustic wave packet into a ferromagnetic (Ga,Mn)As layer and monitor the subsequent magnetization changes. We employ ultrafast acoustics methods for generation of picosecond strain pulses (see [41] and references therein). Strain pulses with amplitudes up to 10 −3 , generated by femtosecond optical pulses in thin metal films and injected into the GaAs substrate, have been shown to travel over millimeter distances at low temperatures, and up to 100 μm at room temperature [42] . Such a strain pulse has a direct, short, and intense impact on the MCA of the layer and thus can act as an instrument for magnetization control.
The studied sample consists of a single Ga 0.95 Mn 0.05 As layer with thickness d 200 nm grown by low-temperature molecular beam epitaxy on a semi-insulating (001) GaAs substrate. SQUID (superconducting quantum interference device) magnetometery shows that the Curie temperature of the sample is 60 K and the saturation magnetization M is 20 emu∕cm 3 . The magnetic layer is under an in-plane compressive strain that leads to an in-plane orientation of the easy magnetization axis [29] . The values of the internal strain components obtained from x-ray diffraction are −2 · 10 −3 for the in-plane compressive strain and 1.9 · 10 −3 for the out-of-plane tensile strain. In the absence of an external magnetic field, the spontaneous magnetization M of magnetic domains lies in the layer plane at low temperatures. The magnetic field B applied along the z axis (i.e., perpendicular to the layer) turns M out of the layer plane, as shown in Fig. 6 (a) [41] . We describe the direction of M in a single magnetic domain by the angles θ and ψ.
Our experiments were carried out at T 1.6 K in a cryostat equipped with a superconducting magnet. The projection of M on the z axis, M z M cos θ, is measured by monitoring the Kerr rotation (KR), i.e., the angle φ between the linear polarizations of the light incident on and reflected from the (Ga,Mn) As layer, given by
where r and r − are complex reflection coefficients for leftand right-handed circularly polarized light. In general, a difference between r and r − may have several origins. In the (Ga, Mn)As layers the KR has a contribution from the magnetooptical Kerr effect [43] , and in our experimental geometry the KR angle φ is proportional to the component of M along the z axis, M z , i.e., φ ∝ M z . Figure 6 (b) shows the magnetic field dependence of the angle φ and the corresponding value of M z ∕M cos θ at equilibrium [41] . The measured field dependence of these quantities is typical for (Ga,Mn)As layers with the easy magnetization axis in the (001) plane [44] . Note that the value of φ-and thus of M z -increases with B and finally saturates at B > 2 kOe, i.e., when M∥B and M z M. The field dependence of the magnetization can be analyzed by minimizing the free energy with respect to θ, as described in [44] , allowing us to obtain the anisotropy parameters H 2⊥ , H 4⊥ , H 2jj , and H 4jj of the sample, i.e., the perpendicular uniaxial, perpendicular cubic, in-plane uniaxial, and in-plane cubic anisotropy fields, respectively. The best fit of the experimental curve is provided by the following values of the anisotropy fields: 4πM H 2⊥ 1.82 kOe, H 4⊥ 0.66 kOe, H 2jj 0, and H 4jj 1.97 kOe. These values are typical for ferromagnetic (Ga,Mn)As layers with Mn content of about 5% and with in-plane easy magnetization axes along the [100] or [010] directions [45] .
In the ultrafast acoustic experiments [ Fig. 6 (c)], we generate strain pulses, which modify the MCA, thus causing the magnetization to turn from its equilibrium position, and monitor in real time the resulting changes in M z . Picosecond strain pulses are generated in a 100 nm thick Al film deposited on the back side of the GaAs substrate [41] . The film is excited by optical pump pulses from an amplified femtosecond laser. The spatial shape of the strain pulse ε zz z; t injected into the substrate, calculated after [46] , is shown in Fig. 6 
(d).
The pulse propagates in GaAs with longitudinal sound velocity ν 4.8 km∕s and reaches the magnetic layer after t 0 l 0 ∕ν ≈ 22 ns (where l 0 105 μm is the substrate thickness). At the open surface of the film, the strain pulse is reflected with a phase inversion and travels back toward the GaAs substrate. Because of the strain pulse, the thickness d of the (Ga,Mn)As layer is modulated. The temporal profile of the relative layer thickness modulation can be written as [41] εt Δdt
where Δdt is the film thickness change and z 0 corresponds to the interface between the GaAs substrate and (Ga,Mn)As film. The time evolution of εt for our experimental conditions is shown in Fig. 6(e) by the solid curve. The strain pulse results in compressive and tensile perturbations of the film, separated by intervals in which Δd 0. The temporal evolution of the magnetization is monitored by probing M z with subpicosecond time resolution. We measure the strain-induced modulation of the KR angle φ as a function of the time delay t between pump and probe pulses. The optical probe pulse, split from the same laser beam, is focused to a spot on the (Ga,Mn)As layer opposite to the pump excitation [ Fig. 6(c) ]. Figure 7(a) shows the time evolution of the KR angle change Δφt measured at different B, where t 0 corresponds to the time when the strain pulse reaches the (Ga,Mn)As layer [41] . In the time interval from t 0 to t 125 ps, indicated by the vertical arrow, the strain pulse travels through the (Ga,Mn)As layer to the edge of the sample and back to the GaAs substrate, so that for t > 125 ps the acoustic wave packet is no longer present in the (Ga,Mn) As layer. The remarkable experimental result is that in the field range 0 < B < 2 kOe and at t > 150 ps, i.e., after the strain pulse has left the ferromagnetic layer, the KR signal shows pronounced oscillations with a frequency of ∼10 GHz. These low-frequency oscillations are not detected at B 0. They only appear when B is applied; further, they disappear at a high magnetic field above 2.5 kOe. These oscillations last for about 1 ns, and their frequency and amplitude depend on B. As an example, the KR signal obtained at B 0.8 kOe, where the low-frequency oscillations have the highest amplitude, is shown in Fig. 7(b) [41] .
In addition to these low-frequency oscillations, Δφt also reveals more complex fast oscillating features. Specifically, high-frequency oscillations of about 44 GHz are observed at B > 1 kOe in a wide time interval, which can be ascribed [47] to interference of the probe beams reflected from the sample surface and from the strain wave packet propagating in the sample for t < 0 and t > 125 ps [see Eq. (6)], and to the anisotropy of the elasto-optical constants in the strained (Ga, Mn)As layer 0 < t < 125 ps.
In the following we will concentrate on the long-lived lowfrequency oscillations of Δφt, which we attribute to the modulation of M z in (Ga,Mn)As. We consider these oscillations to be due to the strain-induced tilt of the magnetization vector M, followed by a coherent precession of M around its equilibrium direction. The frequency of these oscillations is in the gigahertz range typical for such a precession, as established by ferromagnetic resonance experiments [48] . The amplitude of the oscillations is expected to be negligible at B 0, where the net z-component of M vanishes. At high fields, B > 2 kOe, M is practically parallel to B (θ → 0), and the temporal modulation of M z also becomes negligibly small. Thus the strain-induced tilt of the magnetization and its precession should be most pronounced in the range of magnetic fields where the direction of M is determined by the balance between the external magnetic field and the MCA field. All these arguments are in line with the behavior of Δφt observed experimentally in the range 0 < B < 2 kOe.
We now analyze the magnetization kinetics associated with the strain pulse propagating in the (Ga,Mn)As layer. In the presence of a magnetic field applied normal to the layer, a (Ga, Mn)As film with 200 nm thickness has a single value of M z , in that respect behaving like a single domain [49] . We may, therefore, express quantitatively the temporal evolution of the magnetic anisotropy in the (Ga,Mn)As layer through the relative change of the layer thickness εt, given by Eq. (7). Then any modification of the built-in stationary strain produced by εt will tilt the equilibrium magnetization by an angle Δθ ε t relative to its unperturbed stationary direction. When εt is much less than the built-in equilibrium strain, Δθ ε t is proportional to εt and we may write
Here we have assumed that εt changes only the value of the uniaxial perpendicular term H 2⊥ of the magnetocrystalline anisotropy, and the magnetization is tilted only by the change in the angle θ (actually, if εt also has an effect on the angle ψ, the in-plane multidomain structure of (Ga,Mn) As should average out this effect).
For simplicity we approximate εt by square pulses, shown in Fig. 6(e) by the dashed lines. Then, in the time intervals when εt remains constant, Mt undergoes a precession at frequency F around the direction defined by θ and Δθ ε t. Every time that εt changes to another constant value, Mt starts to precess circularly about another direction, corresponding to εt. With this simplification we seek the values of dθ∕dε zz and the precession frequency F that give the best agreement between the calculated temporal evolution of ΔM z ∕M and the detected KR signal Δφt at a given field. An example of the fit ΔM z t∕M for dθ∕dε zz 60 radian and F 6.86 GHz for B 0.8 kOe is shown by the solid curve in Fig. 8(b) . Performing such fits systematically for different B values yields the corresponding magnetic field dependences of dθ∕dε zz and F, which are shown by the symbols in Fig. 8 . The solid curve in Fig. 3(a) shows the field dependence of the frequency F, calculated using the MCA parameters for our sample (for details see [43] ). The experimental and calculated dependences demonstrate a decrease of F with increasing B and agree well with each other. The solid curve in Fig. 3(b) is the calculated dependence of dθ∕dε zz , obtained by minimizing the free energy with respect to θ, assuming a field-independent value of dH 2⊥ ∕dε zz as the fitting parameter [see Eq. (8)]. Excellent agreement with the experimental data is achieved using dH 2⊥ ∕dε zz 850 kOe, in good agreement with recently reported data [29] . The dependence of dθ∕dε zz on B in Fig. 8(b) shows that it increases slowly for B < 1 kOe, then quite rapidly for B > 1 kOe, and at higher fields (B > 2 kOe, when M is almost parallel to B), dθ∕dε zz eventually drops to 0. This behavior qualitatively follows the M z B curve in Fig. 6(b) , which also shows first a slow and then a rapid increase. Thus, the response of M, either to the external magnetic field or to strain-pulse-induced changes in the MCA field, shows similar features. Based on these results, the control of magnetization by terahertz acoustic pulses (e.g., shock wave and soliton train [50] ) on even faster time scales seems possible.
PLASMONIC CRYSTALS
In previous theoretical works we predicted that the magnetooptical Faraday effect can be resonantly increased in periodic structures consisting of metallic grating deposited on a smooth magnetic layer [16, 51, 52] . Such structures are referred to as plasmonic crystals, since they support the SPPs with properties similar to photons in photonic crystals. Plasmonassisted enhancement of the inverse Faraday effect in similar structures was also reported [53] . In the following sections we present the results of theoretical and experimental research on the transverse magneto-optical Kerr effect in plasmonic crystals. We also predict the emergence of a giant orientational magneto-optical effect in plasmonic crystals.
A. Giant Transverse Kerr Effect in Magnetoplasmonic Crystals: the Scattering Matrix Method
We start by considering the transverse magneto-optical Kerr effect (TMOKE) in a metallic grating on a magnetic substrate using the scattering matrix method [54] . The TMOKE is usually characterized by the relative change δ of reflected light intensity RM when a medium's magnetization M directed perpendicular to the plane of incidence is reversed:
(9) This change originates from the magnetic-field-induced change of boundary conditions at the magnetic layer surface and attains the maximum value for oblique incidence of ppolarized light (electric field vector E parallel to the incidence plane), while it almost vanishes for s-polarization [17] . Usually, for smooth ferromagnetic metals δ is on the order of 10 −3 , setting strong limits to its applicability [17, 55] . The TMOKE's counterpart in transmission may also occur, for which the necessary condition is a difference between the opposite magnetic-film boundaries. However, it is difficult to observe because of the weak transmission through ferromagnetic metals, in addition to its small magnitude [56] . We, in what follows, concentrate on the observation of a giant TMOKE in the magnetoplasmonic crystal in transmission.
In the absence of an external magnetic field, the magnetization M of the ferromagnetic film used in our experiments described in Section 3.2 is perpendicular to its surface. It can be reoriented parallel (Fig. 9) to the slits in the noble metal by application of an external magnetic field [57] . The incident light is p-polarized. The plane of incidence is perpendicular to M. The excitation condition for SPP is the following:
where κ is the SPP wave vector, k i jj is the in-plane component of the incident wave vector, and G is the reciprocal lattice vector.
Using a linear approximation for the dependence of the permittivity tensor describing the ferromagnetic film on the gyration (the magneto-optical parameter), this tensor is given bŷ
where g x and g y are the components of the gyration vector g aM [17] . The magnetic tensor μ is taken to be unity, since the magnetic dipole response at optical frequencies is very Solid curves show the calculated dependences of F and dθ∕dε zz obtained using the anisotropy parameters of the studied structure and assuming dH 2⊥ ∕dε zz to be a field-independent parameter equal to 850 kOe [41] . weak [58] . The gold metallic layer is characterized by the dielectric function ε 1 [59] . The necessary condition for the occurrence of the TMOKE is k × N ≠ 0, where N is the vector normal to the metaldielectric interface. Moreover, the cross product M × N is also very important. It is nonzero near the surface of the magnetized film. The magnetic field breaks the symmetry with respect to time reversal, while the interface (and the N vector normal to it) breaks the space inversion. Interestingly, spacetime symmetry breaking is characteristic of media with a toroidal moment τ that has transformation properties similar to the ones of M × N [60] . Consequently, the problem of SPP propagation along the interface of a transversely magnetized medium is similar to that of electromagnetic wave propagation in a bulk medium with a toroidal moment parallel to this direction. In electrodynamics, a toroidal moment is known to give rise to optical nonreciprocity, as manifested by a difference between the wave vectors for waves propagating forward and backward with respect to the toroidal moment [61] .
It follows from the Maxwell equations that, in contrast to all other possible magnetization directions, the transverse magnetization does not change the polarization state of the SPP but only changes its wavenumber κ. As a result, a p-polarized wave whose magnetic field H y x; z H y expiκx − γ i jzj is directed in the plane (in a coordinate system with the z axis perpendicular to the plane and the x axis directed along the SPP propagation) propagates along the smooth metalgyrotropic dielectric interface. An explicit expression for the wavenumber of the SPP that propagates along the metal/ gyrotropic medium interface is the following [62] :
where κ 0 k 0 ε 1 ε 2 ∕ε 1 ε 2 1∕2 and α −ε 1 ε 2 −1∕2 1 − ε 2 2 ∕ ε 2 1 −1 . It follows from Eq. (12) that in the first approximation, the wavenumber of the surface wave depends linearly on film gyration g. Let us now turn to a plasmonic crystal in which the metallic layer is perforated by an array of parallel slits and the dielectric layer is magnetized along the slits (Fig. 9) . In this case, the dielectric constant in the region of the metal and the gyrotropic dielectric is a periodic function of the coordinate x and a step function of the coordinate z: εx; z ε 1 x− ε 2 θz ε 2 , while the structure gyration remains a step function gz gθ−z, where θz is the Heaviside function (the metal-dielectric interface coincides with the z 0 plane). Let us assume that the metal is thicker than the skin layer and the interaction between the SPPs at the two metal surfaces is negligible. From the Maxwell equations, we derive a differential equation for the complex amplitude of the magnetic field H and write it in an operator form [54] :
where the operatorV represents the linear (in g) magneto-optical contribution. Since the dielectric constant is periodic along the x axis, the magnetic field component H y can be represented as a Bloch wave. Eq. (13) can be transformed to an eigenvalue problem for the normalized Bloch envelope u κ x; z with the quasi-wavenumber κ [54]:
In the first order of the perturbation theory in g, it follows from Eq. (14) that the SPP excitation frequency in the magnetic case is shifted from that in the nonmagnetic one:
The shift value Ωg is linear in g and comes to zero if κ 0. Moreover, Ωg is determined not only by the gyration and dielectric constants of the plasmonic crystal components but also by the field distribution at the interface, i.e., it depends on the grating parameters [54] .
When the problem of light incidence on periodic structures is analyzed, it is convenient to use the scattering matrix method [63] [64] [65] . This method is efficient in searching for the system's eigenmodes that have a great effect on its optical properties.
When light is incident on a periodic structure, it is diffracted by the latter, and the generated electromagnetic field can be represented as a superposition of incident, reflected, and transmitted plane waves with longitudinal wavenumbers k m x that differ from the wavenumber of the incident wave k i x by the reciprocal lattice vector mG. Generally, the complex amplitudes of the reflected and transmitted waves can be combined into a column A scat , while the amplitudes of the waves incident on the structure on both sides in all diffraction orders can be combined into a column A in .
The complex amplitudes of the incident and scattered waves are related via the scattering matrix S:
The scattering matrix (S-matrix) is an adequate physical tool for describing the electromagnetic properties of materials that are significantly inhomogeneous on the subwavelength scale, for which the standard optical approaches suggesting wavefront homogeneity in the lateral direction are inapplicable [63] [64] [65] . The possibility of finding the structure eigenmodes is among the advantages of the method. The dimension of the S-matrix is determined by the dimension of the columns of amplitudes. The scattering matrix is calculated numerically.
The technique for calculating the S-matrix of the problem is described, for example, in [64, 66] . The scattering matrix for multilayered structures is constructed recurrently. N layers homogeneous along the z axis (in accordance with the designations of Fig. 9 ) and N 1 interfaces corresponding to them are selected in the structure. The complex amplitudes of the eigenmodes on different sides of each layer or interface are related via the transfer matrix T i , and the full transfer matrix for the entire structure is T Q 2N1 i1 T i . The form of the matrix T i is determined by finding the eigenmodes for each layer and by taking into account the boundary conditions at the interface. A virtual interface for which the transfer matrix T 0 and the scattering matrix S 0 are unit ones is also selected in the external medium near the surface of the extreme layer. The scattering matrix for the part of the structure contained between the virtual interface and the ith layer or interface is denoted by S i . For these matrices, there are recurrence relations that relate the components of S i with those of S i−1 and T i . The desired scattering matrix for the entire structure is S S 2N1 .
For the electromagnetic modeling of the reflection and transmission spectra and electromagnetic field distribution, we use the rigorous coupled wave analysis (RCWA) technique [67] , extended to the case of gyrotropic materials [68] . Since the heterostructure is periodic, the electromagnetic field components in each layer can be represented as a superposition of Bloch waves. The Maxwell equations are written in a truncated Fourier space. The electromagnetic boundary conditions are then applied at the interfaces between the substrate region, the individual grating slabs, and finally the upper surface of the structure. The sequential application of electromagnetic boundary conditions reduces the computing effort for the reflected and the transmitted diffracted field amplitudes to the solution of a linear system of differential equations. To improve the convergence of the method, we employed the correct rules of Fourier factorization introduced in [68] .
Since the eigenmodes can propagate through the structure without any external interaction, a nontrivial solution of the homogeneous problem with a zero column of incident wave amplitudes A in , S −1 A scat 0, corresponds to them. The existence of a nontrivial solution requires that
The scattering matrix is a function of the frequency and quasi-wavenumber. We assume that the quasi-wavenumber is fixed and find the solution of Eq. (17) 
where p is an integer, p ≥ 1, and D 0 is an analytic function of the frequency. In accordance with the Kramers formulas, the complex amplitude of the mth diffraction order A m can be represented by the ratio of the auxiliary determinant detS −1 m , in which the mth column is replaced by the column A in and the determinant of the inverse scattering matrix:
Consequently, since detS 1∕ detS −1 , we find that near each pth pole of the determinant of the scattering matrix, the complex amplitudes of the diffraction orders have a resonance feature and the complex amplitude of the mth diffraction order near the pole has the form
The energy transmission T m and reflection R m coefficients in the mth propagating diffraction order are proportional to the sum of the squares of the amplitudes of two mth-order waves that propagate in the substrate or in the medium above the grating and that are polarized mutually orthogonally (e.g., s-and p-polarizations). Thus, the intensity I m of the transmitted or reflected radiation in the mth diffraction order depends on the squares of the amplitudes of the corresponding elements in the column A scat : I m f jA m j 2 . Therefore, the features of the reflection and transmission spectra are determined by the behavior of jA m j 2 . Calculating the intensity I m using Eq. (20), we obtain
where
q pm a pm ω p b pm :
Consequently, the frequency dependences of R and T have a characteristic asymmetric profile with a maximum and a minimum following each other [or conversely, depending on the sign of Req pm ], which is commonly called the Fano resonance [69] [70] [71] . The parameter q pm is called the Fano parameter. It shows the ratio of the efficiencies of the resonant and nonresonant processes. In the problem of light-grating interaction, the resonant process is the excitation of eigenmodes in the system, such as quasi-waveguide waves, plasmon polaritons, and slit modes. At the same time, the nonresonant contribution to the intensity in the mth diffraction order is related to the radiation scattered by the diffraction grating without any excitation of eigenmodes. The amplitude of the wave in the mth diffraction order is the sum of two components: the resonant one arising from the excitation of eigenmodes and the nonresonant one. If the nonresonant process is negligible (jqj → ∞), then the frequency dependence acquires the standard symmetric shape of a Lorentz curve. The width of the resonance curve depends on the dissipation parameter γ p .
For the plasmonic crystals considered here (Fig. 9) , the eigenmodes are the SPPs and the modes inside the slits [62] . Therefore, in our case, the S-matrix poles correspond to the excitation frequenciesω p of surface waves and slit modes. As was shown above, the SPP excitation frequency in a transversely magnetized plasmonic crystal depends on gyration (on magnetization) [see Eq. (15)]. Consequently, the Fano resonance curves are shifted in frequency relative to their positions for the nonmagnetic case by Ωg: Fig. 10(a) ]. At low gyration values, the change in the resonance shape may be neglected. As a result, a change in the transmission and reflection coefficients characteristic of the TMOKE arises when the magnetization sign is reversed. Since Ωg ≪ ω, the frequency dependence of ΔI, in fact, expresses the derivative of the function jA m 0; ωj 2 . Compared to the case of homogeneous nonplasmonic films, the Kerr effect is enhanced [62] . It depends not only on the magneto-optical properties of the medium but also on the shape of the resonance curve; for sharper resonance peaks, the Kerr effect increases significantly. Since the width of the resonance peak is determined by dissipation, one might expect ΔI and δ characterizing the effect to depend on γ p . If the nonresonant processes in the system are weak, i.e., jqj ≫ 1, then the expressions for the maximum values of ΔI and δ follow from Eqs. (20) and (21):
Both quantities decrease with increasing dissipation coefficient γ p . In the case of a significant nonresonant contribution (i.e., at low values of q), the absolute change in intensity ΔI remains as before, while the optical transmission and reflection spectra change their shape. As a result, the relative change in the intensity of light δ increases, in particular, because the denominator in Eq. (9) decreases. This is illustrated by Fig. 10 .
Our qualitative analysis of the problem shows that the plasmon reflection and transmission resonances in a transverse magnetic field are shifted in frequency depending on the magnitude and direction of the field, virtually without changing their shape, which leads to an enhancement of the transverse Kerr effect [54] .
Generally, the solution of Eq. (17) is a pair of complex numbers κ and ω. However, the eigenmodes are excited by a wave with real κ and ω. Therefore, at least one of the two numbers should be assumed to be real, depending on the specific problem [72, 73] . In this paper, we consider the case where a plane wave is incident on an infinite periodic structure. The problem has translation symmetry in the grating plane. Consequently, the intensity of the eigenmodes excited in it are also a periodic function, and there is no damping of the waves that propagate in the lateral direction. This necessitates assuming κ to be real and ω to be complex. In fact, the problem is reduced to searching for a local minimum from the frequency detS −1 for κ from the first Brillouin zone.
The transmission and reflection coefficients and their relative changes δ are plotted against the wavelength of the incident light in Fig. 11 [54] . The vertical lines mark the points on the wavelength scale that represent a particular wave mode calculated numerically from the solution of Eq. (17) . The reflection minimum (transmission maximum) at λ 580 nm corresponds to the SPP at the metal-air interface, while the reflection minima (transmission maxima) at λ 685, 875, and 1128 nm correspond to the SPPs at the metal-magnetic interface. These features in the spectra are commonly called Wood's anomalies. In addition, a small reflection minimum is observed at λ 678 nm near the main dip. It is related to the excitation of a Fabry-Perot mode. In fact, in the wavelength range from 670 to 700 nm, two types of modes are excited simultaneously in the structure: localized and surface plasmon polaritons. This is illustrated by Fig. 12 , which presents the distribution of the square of the magnitude of the magnetic field component along the grating slits. At λ 680 nm, the electromagnetic field is concentrated both in the slit and at the interface with the dielectric. At the same time, at λ 875 nm, corresponding only to the SPP, the field is concentrated solely at the metal-dielectric interface.
The magneto-optical intensity effect is greatest at wavelengths near Wood's anomalies (the excitation of SPPs) at the interface with the magnetic substrate, due to the strongest interaction with the magnetic medium. In this case, δ reaches 70%, suggesting a giant Kerr effect. Note that δ ∼ 0.1% for a homogeneous magnetic film without metal coating. An additional peculiarity of the observation of the Kerr effect in this The structure parameters are the same as those in Fig. 11 [54] .
case is that it is easily observed in transmitted light, which is usually greatly complicated for homogeneous films due to the very low intensity of the transmitted radiation. In this case, δ is more than 20% at 40% transmittance. As for the other modes, where the interaction of the electromagnetic field with the magnetic medium is much weaker, not all of the features in the transmission and reflection spectra are accompanied by an equally large enhancement of the intensity effect. Thus, for example, there is no enhancement of the intensity effect near the reflection minimum (transmission maximum) at a wavelength of 580 nm; the surface wave is localized at the metal-air interface, while the enhancement of the effect near the next reflection dip (at a wavelength of 677 nm) corresponding to the excitation of a slit mode is smaller.
Apart from several dips and peaks, the reflection spectra also exhibit features that are called Rayleigh-Wood anomalies [74] (marked by the arrows in Fig. 11 ). In this case, no enhancement of the intensity effect is observed. This is because the anomalies arise when one of the propagating diffraction orders disappears/appears and are determined by the grating period, i.e., they do not depend on the substrate gyration.
B. Experimental Observation of the TMOKE Preliminary numerical modeling allowed us to design the sample, i.e., determine the gold grating period, gold thickness, and slit width, and to adjust the main SPP resonances to the wavelength range of 650-850 nm [57] , which is most suitable for magneto-optical experiments on bismuth iron garnets, since the magneto-optical figure of merit given by the ratio of the specific Faraday rotation to the absorption is highest around 750 nm.
The magnetic part of the magnetoplasmonic structure is a 2.5 μm thick bismuth-substituted rare-earth iron garnet film of composition Bi 0.4 YGdSmCa 2.6 FeGeSi 5 O 12 , grown by liquid phase epitaxy with a Bi 2 O 3 :PbO:B 2 O 3 melt on a gadolinium gallium garnet Gd 3 Ga 5 O 12 substrate with orientation (111). The film possesses uniaxial magnetic anisotropy in the direction perpendicular to the film plane. The specific Faraday rotation is 0.46 deg ∕μm at wavelength 633 nm. The magnetoplasmonic sample of the structure shown in Fig. 9 was fabricated by the thermal deposition of the gold layer on the bismuth-substituted rare-earth iron garnet film and subsequent electron beam lithography combined with reactive ion etching in Ar plasma. The sample was characterized by atomic force microscopy (AFM) and scanning electron microscopy (SEM) imaging. The grating parameters obtained are as follows: gold layer height h is 120 nm, period d is 595 nm, and air groove width r is 110 nm.
For magneto-optical measurements we used a tungsten halogen lamp as a source of white light, with a stability better than 0.1%. The light was focused on the sample into a spot with a diameter of about 300 μm. The zero-order transmission signal was spectrally dispersed with a single monochromator (linear dispersion 6.28 nm∕mm) and detected with a CCD camera. The overall spectral resolution was below 0.3 nm. During measurement the sample was kept at room temperature.
Results of the experimentally measured zero-order transmission for the configuration shown in Fig. 9 are shown in Fig. 13(b) [57] . Comparison with the calculated band structure [ Fig. 13(a) ] allows us to attribute pronounced Fano resonance (1) in Fig. 13(b) to Wood's anomaly of the second band SPP at the air-gold interface, while Fano resonances (2) and (3) are related to the second and third band SPP at the gold-magnetic-film interface. Finally, prominent transmission peak (4) is attributed to the collective Fabry-Perot cavity mode inside the slits.
The experimentally measured TMOKE parameter δ is defined in accordance with Eq. (9) but with the reflection coefficient substituted by the transmission coefficient [ Figs. 13(c),  (d) ]. To ensure that the sample magnetization is oriented almost completely in the plane, a relatively large external magnetic field of 2000 Oe was applied. Outside of the resonances, the absolute value of δ is very small. Actually, in this case, δ cannot be measured experimentally, which means that it is below 10 −3 . On this background, pronounced positive (red) and negative (blue) peaks are observed at which δ reaches up to 1.5 · 10 −2 , demonstrating a TMOKE increase by at least one order of magnitude. Electromagnetic modeling for the nonresonant case gives δ 8 · 10 −4 , implying an enhancement factor of about 20. Compared to the uncovered bare iron garnet film, the enhancement factor is much larger, by about 10 3 . From these results we can claim that a giant TMOKE has been observed in the transmission. It should be noted that here we use a magnetic film with a relatively small concentration of bismuth. For iron garnets with the composition Bi 3 Fe 5 O 12 , the specific Faraday rotation is about 6°at λ 630 nm, 13 times larger than for our sample [17] . Since the δ value is proportional to the gyration (and to the specific Faraday rotation), δ should also be 13 times larger than observed in our experiments, i.e., δ may exceed 0.2 by choosing right concentration of Bismuth.
The regions of enhanced TMOKE clearly correspond to the regions of SPP excitation at the gold-ferromagnet interface [compare Figs. 13(a) and 13(b) ]. No notable TMOKE increase is observed for other resonant regions, in agreement with the discussion above. This highlights the TMOKE's sensitivity to the excitation of different eigenmodes.
A close-up of the TMOKE spectral shape is shown in Fig. 14 [57] . For normal incidence the TMOKE is zero, because of the symmetry of the incident light with respect to the structure [ Fig. 14(a) ]. The magnetization-induced shift of the SPP resonance frequency vanishes, and there is degeneracy of the SPPs traveling forward and backward. When k is not normal to the surface, the symmetry is broken and the degeneracy is lifted. SPP modes propagating in opposite directions are excited at slightly different frequencies and TMOKE appears. δ reaches almost 10 −2 , even if the incidence angle is as small as θ 0.8°[ Fig. 14(a) ], in accordance with the Fano resonance for SPPs on the gold-magnetic-dielectric interface in the vicinity of the Γ point of the first Brillouin zone. Going from normal to slightly oblique incidence, the transmission spectrum, however, does not change notably, in contrast to the TMOKE spectrum. This demonstrates the sensitivity of the TMOKE to the SPP modes in the structure. No measurable TMOKE signal is observed around the other features in the transmission spectrum, the peak at λ 675 nm and the dip at λ 623 nm.
When the incidence angle becomes larger [e.g., θ 5°, Fig. 14(b) ], the eigenfrequencies of the two SPPs propagating in opposite directions differ significantly, which gives rise to two Fano resonances in the transmission. The TMOKE accompanies both resonances, but with opposite signs of δ, reflecting the fact that these resonances are due to SPPs propagating in opposite directions with respect to the cross product M × N. This observation unravels another prominent feature of TMOKE in magnetoplasmonic structures: through the sign of δ, one can distinguish between resonances caused by SPPs propagating in opposite directions.
It should be noted that similar measurements for negative angles of incidence give the same value of δ, but with the opposite sign. This demonstrates that the observed effect is odd in magnetization and not an experimental artifact. Above some incidence angle (e.g., at θ 15°), the SPP resonance is barely detectable, but the TMOKE still indicates its frequency position [see peak (i) of δ in Fig. 14(c) ]. Thus TMOKE allows measurement of the energy spectrum of the SPP eigenmodes at a metal-ferromagnetic interface [57] .
The magnetic field dependence of δ is shown in Fig. 15 for the two main TMOKE peaks (i) and (ii) at θ 15°. At small magnetic fields the value of δ grows linearly with the magnetic field, indicating that the in-plane component of the sample magnetization also has a linear dependence on the magnetic field. Saturation takes place at the magnetic field strength of about 1600 Oe, which is in nice agreement with the predicted micromagnetic properties of the magnetic film, namely with the value of the effective uniaxial magnetic anisotropy field. However, δ reaches relatively high values even for smaller fields. For example, it is 5 · 10 −3 at a 300 Oe field, which by far exceeds the noise level and is easily measurable.
C. Giant Magneto-optical Orientational Effect in Magnetoplasmonic Crystals
In this section we consider a plasmonic crystal consisting of a metallic film periodically perforated with slit arrays put onto a thin dielectric film magnetized in-plane, the magnetization being perpendicular to the slits (Fig. 16, top left) . Such a state of magnetization can cause some very interesting magneto-optical effects related to magnetization-induced change in intensity of reflected/transmitted light. Unlike the TMOKE, this effect is magnetization-even and does not vanish at normal incidence [75] . In classical magneto-optics such a phenomenon is known as the orientational magneto-optical effect (OME) [76] [77] [78] . The OME was experimentally discovered for Ni films and was determined by relative change δ of reflected light intensity when a film's magnetization changes its orientation with respect to the plane of light incidence. For the magnetoplasmonic crystal the light intensity depends on the angle between the in-plane magnetization and the direction of periodicity. Typical values of the OME for Ni are about δ 10 −3 [76] . The OME for smooth ferromagnetic metals was measured only at the reflection mode, because the transmission through metals is negligibly small. Contrary to that, the magnetoplasmonic crystal considered in the paper performs rather high transmission due to the effect of the extraordinary optical transmission phenomenon, allowing observation of the OME at the transmission mode also.
Optical properties of the considered system are strongly dependent on the guided modes excited in the system when the electromagnetic wave impinges the perforated metal. These are coupled SPPs and waveguided modes of the magnetized (gyrotropic) dielectric layer. Because of the presence of the slit arrays in the metallic layer, waveguide modes scatter on the surface pattern and contribute to the far-field intensity, i.e., to the observed transmittance, which is why it would be more correct to call them quasi-guided [75] .
To gain physical insight into the problem, we start from study of a magnetized in-plane waveguiding layer of thickness h m with a smooth semi-infinite metal on top and a dielectric on bottom. The presence of the slits in the metal will be taken into account later at the rigorous modeling. For the optical frequency range, the magnetic layer is described by the dielectric tensor [see Eq. (11)]. Permittivity of the metal is characterized by the dielectric function ε 1 , and the dielectric constant of the substrate is ε 3 .
At the demagnetized state, g 0 and the eigenmodes of the planar dielectric waveguide are TE-and TM-polarized waves having the longitudinal wavenumber β, with the dispersion law determined by the transcendent equation:
, α i γ i ∕ε i for TM modes and α i γ i for TE modes, k 0 ω∕c, and q is an integer. The presence of the periodical perforation of the metallic wall of the waveguide is taken by
thus selecting all possible values of β. Here k jj is the in-plane part of the incident light wave vector and q 1 is an integer. The presence of the magnetization leads to the phenomenon of TE-TM mode conversion, and the eigenmodes of the longitudinally magnetized planar waveguide are electromagnetic waves having all nonzero components of the electric and magnetic fields [75] . However, since g ≪ ε 2 , the field distributions and dispersion laws of two eigenmodes of the gyrotropic waveguide are close to those of the TE and TM modes. Consequently, the eigenmodes of the gyrotropic waveguide can be classified as "TE-like" and "TM-like" modes.
Let us now assume that the demagnetized plasmonic crystal is illuminated by a p-polarized wave (the electric field vector is perpendicular to the slits and parallel to the plane of the mode propagation) of a frequency equal to one of the TE mode's eigenfrequencies ω TE , which can be found from Eqs. (23) and (24) . Obviously, no waveguiding takes place in this case, and reflection/transmission spectra generally have no peculiarities at around ω TE . However, if the plasmonic crystal is magnetized, then a quasi-waveguided wave can be excited at the frequency near ω TE , as the TE-like mode has all components of the electric and magnetic fields, including those of the incident p-polarized wave. The TE-like mode takes away part of the incident energy and finally dissipates it, leading to the appearance of a dip in the transmission spectrum. The value of Fig. 14(c) as a function of the magnetic field [57] . the transmission dip depends on g. Consequently, at around ω TE one should expect a kind of the magneto-optical effect, expressed as δ T 0 − T 1 ∕T 0 , where T 1 and T 0 are the transmission coefficients of light through the magnetized and not magnetized structures, respectively. To approve this reasoning and to characterize the effect, quantitatively numerical calculations based on the RCWA algorithm have been performed. The following parameters are assumed: ε 1 is equal to the permittivity of gold, the values of ε 2 and g correspond to the bismuth-substituted yttrium iron garnet film (e.g., ε 2 5.06 and g 0.01 at λ 1100 nm) [17] , and ε 3 2.1 (silica substrate). The illumination is p-polarized and normally incident. It is seen from Fig. 16 that the zero-order transmission for the magnetized system T 1 has pronounced dips at λ 1102, 1060, and 1200 nm, while the transmission for the demagnetized system T 0 does not have such features, implying that the OME takes place [75] . The maximum value of δ is attained at λ 1200 nm, which coincides with the position of the T 0 peak. The value of δ reaches almost 100% at the maximum (Fig. 16, top right) . At the same time, the OME for the single uniform magnetic layer is only 0.01% even at oblique incidence at large angles. Therefore, the enhancement of the effect due to the presence of the perforated metal grating is about four orders of magnitude, which qualifies it as a giant OME.
It should be noted that peaks of the OME are not always coincident to the maxima of transmission T 0 . For example, the resonance of δ at 1102 nm is evidently shifted from the transmission peak. Moreover, modeling of the spectra for the structures with some other geometrical parameters demonstrates that these two features of the transmission spectra are not directly related. However, it is possible to make peaks of δ and of the transmission coincident, which is the case of the structure in Fig. 16 at a wavelength of 1200 nm. Here the effect becomes more pronounced and easier to be observed and applied.
It follows from the discussion above that the OME is related to the quasi-waveguided modes of the dielectric layer. Figure 17 proves it quantitatively [75] . The maxima of the OME are attained at the parameters favorable for the TE-like modes. The value of δ is not constant along the mode dispersion curves, and it is largest near the grating periods d, supporting Rayleigh-Wood anomalies [79] on the metalmagnetic dielectric interface (shown by dash-dotted vertical lines in Fig. 17 ). This fact finds its explanation in the increase of the effective optical path of the mode in the magnetic layer at the Rayleigh-Wood anomaly conditions, as the wave vector of the mode becomes almost parallel to the film's surface. It is interesting to note that Rayleigh-Wood anomalies in the metal-dielectric heterostructures influence other magnetooptical effects, e.g., the Faraday effect [80] .
The vertical band in Fig. 17 for values of d from 829 nm to 1067 nm does not provide any pronounced OME. The reason for that is a violation of the total internal reflection conditions for the modes of the first order in q 1 [see Eq. (24)] for structures with d > 829 nm (at the fixed wavelength λ 1200 nm). The band ends at d 1067 nm because of the excitation of the waveguided mode family of the second order [q 1 2 in Eq. (24)].
CONCLUSIONS
In this article we have discussed results that demonstrate that it might be worthwhile to combine magnetic semiconductor and plasmonic crystal structures to obtain new magnetooptical functional devices. The appealing property of magnetic semiconductors is that there are established tools by which their magnetization can in principle be modulated on ultrashort time scales. We have discussed here two such tools: pulsed optical excitation, by which for the first time optical orientation of the Mn spin in paramagnetic (Ga,Mn)As was achieved. The other tool concerns the application of ultrashort strain pulses, by which a coherent precession of the magnetization in ferromagnetic (Ga,Mn)As can be induced. In principle both techniques have the potential to reach terahertz modulation frequencies.
The appealing feature of gold plasmonic crystals is that transmission through them is drastically enhanced compared to plain metallic layers. This enhanced transmission is based on the excitation of SPPs at the metal-dielectric interface. To address magneto-optical effects, we have deposited such plasmonic crystal on top of a ferromagnetic garnet dielectric. For an example of the transverse Kerr effect, we have shown enhancement by orders of magnitude as compared to the unstructured case.
In a next step we plan to combine the plasmonic crystal with magnetic semiconductors and study the magneto-optical properties of this hybrid system, particularly at what rate these properties can be modulated by manipulating the magnetic semiconductor. (23) and (24) . The other parameters of the structure are the same as for Fig. 16 . Point A indicates parameters for the former structure [75] .
